The cytochrome b 6 f complex of oxygenic photosynthesis produces substantial levels of reactive oxygen species (ROS). It has been observed that the ROS production rate by b 6 f is 10-20 fold higher than that observed for the analogous respiratory cytochrome bc 1 complex. The types of ROS produced (O 2 •− , 1 O 2 , and, possibly, H 2 O 2 ) and the site(s) of ROS production within the b 6 f complex has been the subject of some debate. Proposed sources of ROS have include the heme b p , PQ p •− (possible sources for O 2 •− ), the Rieske iron-sulfur cluster (possible source of O 2 •− and/or 1 O 2 ), Chl a (possible source of 1 O 2 ) and heme c n (possible source of O 2 •− and/or H 2 O 2 ). Our
Introduction
The cytochrome b 6 f complex acts as a plastoquinol-plastocyanin (cytochrome c 553 in cyanobacteria) oxidoreductase and is similar to cytochrome bc 1 complexes present in heterotrophic organisms. Moderate resolution crystal structures (≈ 3 Å) are available for b 6 f complexes of both thermophilic cyanobacteria (Mastigocladus (Kurisu et al. 2003) and Nostoc )) and a mesophilic green alga (Chlamydomonas (Stroebel et al. 2003) ).
Recently, a 2.5 Å structure of the Nostoc protein has been presented (Hasan and Cramer 2014) .
This higher resolution structure allowed the identification of numerous lipids and intra-protein water molecules that were not identifiable in the earlier structures. The b 6 f complex is a symmetric dimer with a molecular mass of 220 kDa containing, within each monomer, 8
subunits: Cyt f (PetA), Cyt b 6 (PetB), Rieske iron-sulfur protein (PetC), subunit IV (PetD), and four smaller subunits (PetG, PetL, PetM, and PetN). These proteins are associated with 7 prosthetic groups: 2 c-type hemes, 2 b-type hemes, 1 Fe 2 S 2 cluster, 1 Chl a, and 1 β-carotene.
Additionally, a plastoquinol-binding site is present on the p-side of the complex and a plastoquinone-binding site is present on the n-side of the complex. In cytochrome bc 1 complexes, linear electron transport occurs via a modified Q-cycle mechanism (Crofts et al. 2003 ). However, it is unclear if this is the case for the cytochrome b 6 f complex. The presence of the novel heme c n and the observation that the complex can participate in cyclic electron transport, accepting electrons from reduced ferredoxin possibly via ferredoxin NADP + oxidoreductase (which appears to be a subunit of the in vivo complex (Zhang et al. 2001 )), both argue against a classical modified Q-cycle mechanism. The functions of the Chl a and the βcarotene are unclear and these have been hypothesized to play a structural role in b 6 f assembly or are possibly required for complex stability (Yan et al. 2008 ).
In thylakoid membranes, reactive oxygen species (ROS) are produced at a number of sites within the linear electron transport chain including PS II, the b 6 f complex and PS I. ROS are formed by the excitation of dioxygen (singlet oxygen, 1 It should also be noted that heme c n may directly bind dioxygen. This is suggested by the observation that NO, a dioxygen analogue, binds tightly to the heme ( (Galetskiy et al.) did report that eleven residues were ROS-modified within the complex but did not provide their locations. Importantly, these authors did not utilize a non-oxidizing denaturing PAGE system (see below) in their study. Consequently the possibility of protein oxidative modification artifacts due to electrophoretic conditions cannot be excluded.
In our study, we have used high-resolution tandem mass spectrometry to identify the location of oxidized residues within the cytochrome b 6 f complex isolated from field-grown spinach. These "natively" oxidized residues are the product of ROS production in the field environment where the plants may be exposed to a variety of abiotic stressors such as high light It should be noted that earlier, we have used these methods to identify natively oxidized residues In the current study have mapped the natively oxidized residues identified in field-grown spinach cytochrome b 6 f complex onto the corresponding residues of the Chlamydomonas b 6 f complex structure (Stroebel et al. 2003) . Our results indicate that numerous oxidized amino acid residues are located in the vicinity of the p-side cofactors heme b p , the Rieske iron-sulfur protein and the PQ p -binding site. None were observed in the vicinity of n-side cofactors. Additionally, oxidized residues were located adjacent to the Chl a. Our findings support the hypothesis that the p-side cofactors and Chl a are responsible for most of the ROS produced by the cytochrome b 6 f complex.
Materials and Methods
The cytochrome b 6 f complex was isolated from market spinach essentially by the method previously described (Hurt and Hauska 1981) . The b 6 f subunits were resolved on a 12.5-20% acrylamide gradient by LiDS-PAGE (Delepelaire and Chua 1979) either using the standard method (see Fig. 1B ) or, for mass spectrometry, using a non-oxidizing gel system (Rabilloud et al. 1995) . This was required, as standard PAGE is known to introduce numerous protein oxidation artifacts (Sun and Anderson 2004). In this system, after degassing, the gels are polymerized with riboflavin in the presence of diphenyliodonium chloride and toluensulfinate followed by exposure to UV light. The upper reservoir buffer contained thioglycolate.
Previously, we had demonstrated that PS II proteins resolved in this system exhibited much 
Results and Discussion
Isolation of the spinach b 6 . In this study, however, we have obtained nearly complete coverage (>90%) for all of the major subunits of the complex using the enzymes trypsin, chymotrypsin and pepsin for proteolysis. This is illustrated in Fig. 3 .
No crystal structure is currently available for the spinach cytochrome b 6 (Stroebel et al. 2003) . The sequence similarity between the spinach subunits and the Chlamydomonas subunits is high ( Fig. 3) , being 82% for PetA, 94% for PetB, 76% for PetC and 94% for PetD. This high degree of similarity allowed us to rationally map the oxidized amino acids that we observed in the spinach b 6 f complex onto the crystal structure of the Chlamydomonas protein complex. Indeed, 36 of the identified 53 modified residues (68%) were identical in both systems. Fig. 4 presents an overview of the locations of the oxidized residues that we identified within the context of the cytochrome b 6 f complex dimer. The vast majority of the observed oxidized residues were located on the p-side of the complex. This does not appear to be the result of a sampling error since our mass coverage of the n-side residues was 96% (136/142 residues). Surface domains on the PetA and PetC subunits appear to be particularly susceptible to oxidative modification. This is not surprising since the surfaces of these components are In addition to these surface-exposed oxidatively modified residues, a number of oxidized residues were observed which were buried or partially buried within the protein matrix, or present on the surface of the complex but buried within the lipid bilayer of the thylakoid membrane. Our working hypothesis is that amino acid residues that are in the vicinity of ROS production sites would be more prone to oxidative modification than residues that are more distant from these sites. In Fig. 5 we have examined the p-side cofactors which include: heme f, the Rieske iron-sulfur cluster, heme b p and the lumenal plastoquinol-binding site (PQ p ) which, in this structure, is occupied by the b 6 f inhibitor TDS (tridecyl-stigmatellin). In Fig. 5, a 7 .5 Å region surrounding each of the cofactors is shown with oxidized residues represented as spheres and labeled. In Fig. 6 the immediate environment surrounding the hemes b n and c n are illustrated. No oxidatively modified residues were observed within 7.5 Å of the b n or c n hemes or the adjacent 13 PQ n -binding pocket. It should be noted that in the Mastigocladus crystal structure ) the PQ n -binding pocket is occupied by TDS. This observation does not preclude the possibility that heme c n is associated with a putative plastoquinol oxidase activity (Twigg et al. 2009 ). It does suggest, however, that if an oxidase activity is present that it is efficient and not prone to the production of ROS in sufficient quantities to produce detectable oxidative modifications.
In Fig. 7 , oxidized residues in the vicinity of the Chl a and the β-carotene (Fig. 7A) should be pointed out, however, that we do not have mass spectrometry coverage of PetB: 36 I and PetD: 133 F. Consequently, our results, while not precluding the presence of a channel, provide no evidence in support of this hypothesis. Interestingly, two other oxidized PetA residues were observed which are in contact with 100 L and 101 M; these residues, 96 L and 103 A (Fig. 7B) , are also closely associated with the Chl a-binding pocket although more distant than 7.5 Å from the Chl a (12.1 and 8.8 Å, respectively). These results strongly suggest that ROS, probably 1 O 2 , is produced at the Chl a, as has previously been hypothesized (Sang et al. 2010) . It is possible that, since the Chl a-binding pocket is exposed at the surface of the complex but buried in the lipid bilayer, that 1 O 2 is released directly from the Chl a-binding pocket to the lipid bilayer ( Fig. 7B ).
Conclusions
In this communication, we have identified numerous oxidized residues in the vicinity of the p-side cofactors heme b p , the Rieske iron sulfur cluster, the PQ p -binding domain and adjacent to the Chl a-binding pocket. The locations of these modified residues are consistent with our hypothesis that residues in the vicinity of ROS production sites would be prone to oxidative modification. We have not, at this time, determined the type of ROS leading to these observed modifications, the relative importance of the various possible sites in ROS production nor the time course for the appearance of oxidative modifications. These important questions are the subject of future studies. of twelve different types of oxidative modifications were incorporated into the MassMatrix searches, only these ten types were actually observed in this study. Color coding of the b 6 f subunits is as shown in Fig. 4 . Oxidatively modified residues are shown as spheres in darker shades and are labeled. Note that no oxidative modifications were observed for the intervening hydrophobic residues located between the Chl a and the β-Carotene. B.
Surface of the b 6 f complex in the vicinity of the Chl a-binding pocket. Color coding of the b 6 f subunits is as shown in Fig. 4 . Oxidatively modified residues are shown as spheres in darker shades and are labeled.
